Paraffin-embedded blocks from the thalamus of 9 control patients, 9 moderately disabled, 12 severely disabled, and 10 vegetative head-injured patients assessed using the Glasgow Outcome Scale and identified from the Department of Neuropathology archive. Neurons, astrocytes, macrophages, and activated microglia were differentiated by Luxol fast blue/cresyl violet, GFAP, CD68, and CR3/43 staining and stereological techniques used to estimate cell number in a 28-Km-thick coronal section. Counts were made in subnuclei of the mediodorsal, lateral posterior, and ventral posterior nuclei, the intralaminar nuclei, and the related internal lamina. Neuronal loss occurred from mediodorsal parvocellularis, rostral center medial, central lateral and paracentral nuclei in moderately disabled patients; and from mediodorsal magnocellularis, caudal center medial, rhomboid, and parafascicular nuclei in severely disabled patients; and all of the above and the centre median nucleus in vegetative patients. Neuronal loss occurred primarily from cognitive and executive function nuclei, a lesser loss from somatosensory nuclei and the least loss from limbic motor nuclei. There was an increase in the number of reactive astrocytes, activated microglia, and macrophages with increasing severity of injury. The study provides novel quantitative evidence for differential neuronal loss, with survival after human head injury, from thalamic nuclei associated with different aspects of cortical activation.
INTRODUCTION
Selective loss of neurons has been documented in a variety of diseases from both posterior intralaminar and medial thalamic nuclei, for example from the parafascicular nucleus in Parkinson disease and progressive supranuclear palsy (1); the centre median and parafascicular complex in Parkinson disease (2) ; the dorsal thalamus and reticular nucleus in Alzheimer disease but not in Parkinson disease (3) ; and mediodorsal parvocellular subnucleus (MDpc) and mediodorsal densocellular subnucleus (MDdc) in schizophrenia (4) . After traumatic brain injury (TBI), there is impairment of cognitive and memory functions in both humans (5) and experimental animals (6, 7) . More specifically, patients classified as moderately and severely disabled using the Glasgow Outcome Scale (GOS) (8) provide evidence for a continued deterioration in memory and language activities in adults between 12 and 24 months after injury (9) and up to 2 years in children (10) . In addition, cognitive functions such as memory, concentration, and information processing are impaired to a greater degree in severely rather than moderately disabled patients (9) . The impairment has been ascribed to damage to the larger cell groups within the mediodorsal and anterior thalamic nuclei (11) . There is now good evidence for neural connectivity between the frontal cortex and small groups of neurons within the internal lamina of the thalamus, the so-called intralaminar nuclei that are recognized to play a role in both awareness and specific cognitive, sensory, motor, and executive functions (11) . Four functional groups of intralaminar nuclei have been described: 1) a dorsal group: the paraventricular, parataenial, and intermediodorsal nuclei that are associated with viscerolimbic functions; 2) a lateral group: the central lateral (CL), paracentral (paraC), and the rostral part of the central medial (CeMros) nuclei associated with cognitive functions; 3) a ventral group: the medioventral/reuniens, rhomboid (Rh) and caudal part of the CeMcau nuclei associated with multimodal sensory processing; and 4) a posterior group: centre median (CM) and parafascicular (Pf) nuclei associated with limbic motor functions (11) . However, data for responses by neurons, glia, and immunocompetent cells within these thalamic nuclei after TBI is entirely lacking. This study tested the hypothesis that following TBI there is loss of neurons from some or all of the intralaminar thalamic nuclei in parallel with that already reported in the larger mediodorsal (MD) and ventral posterior (VP) nuclei (12) . A secondary hypothesis tested was that with increasing disability, greater and perhaps more widespread pathology occurred within some or all of the above intralaminar nuclei.
Copyright @ 2006 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited. undergone a full neuropathological examination (13 Y 15) . Clinical details of the patients in this study have been published elsewhere (12) . All material was handled with care to minimize the incidence of "dark" neurons (16) , and the brains were fixed in 10% formal saline for at least 3 weeks prior to dissection. The mean postmortem interval for all patients was 2.43 days and ANOVA across groups provided no evidence for differences between groups (p = 0.88). Morel et al observed significant variations in the shape of the thalamus between individuals (17) . However, when the posterior commissure is used as a common reference point variation in the lateromedial dimension is minimized. In an attempt to minimize thalamic variation, blocks containing the posterior commissure were obtained from thalamus in 9 controls (8 male, 1 female) that had no history of head injury prior to death (mean age 43.5, range 18 to 60 years); 9 moderately disabled male patients (mean age 46.8, range 19 to 60 years, survival times of 3 to 22 years after admission); 12 (10 male, 2 female) severely disabled patients (mean age 53.0, range 23 to 70 years, survival times of 4 weeks to 8 years), and 10 vegetative patients (mean age 45.6, range 18 to 64, survival times of 6 months to 3 years). All but 2 of the severely disabled and vegetative patients died as a result of respiratory complications and/or pneumonia. All but 4 vegetative patients were collected between 1991 and 1999, and in each year at least one member of a minimum of 3 experimental groups were obtained. After dissection, blocks were processed through a 60-hour cycle for wax embedding by an automated VIP tissue processor.
One member of the analytical team coded the cases. All material was then examined Bblind^to clinical and pathological data by another member of the research group. The Research Ethics Committee of the Southern General Hospital approved this study.
One-centimeter-thick blocks were obtained from the thalamus following routine brain cut procedures in the coronal plane (18) . The blocks did not contain the whole thalamus and were sampled for diagnostic purposes 10 to 15 years before the present study was proposed with the result that precise sampling methods could not be followed overall.
Serial sections (n = at least 25) of the thalamus at the level of the lateral geniculate nucleus were cut at 7 Km. Preliminary examination of sections demonstrated that the following medial and intralaminar nuclei were available for analysis: the pars magnocellularis (MDmc) and pars parvocellularis (MDpc) of the mediodorsal nucleus; the lateral posterior (LP) and VP nuclei; part of the rostral CeMros and caudal CeMcau and the Rh nucleus; the CM and Pf nuclei, the CL and paraC nuclei as located using established criteria (17) . Five serial sections from the block for each patient were stained with cresyl violet/Luxol fast blue (19) for the delineation of nuclear boundaries within the thalamus. The paraventricular, parataenial, intermediodorsal nuclei, and medioventral/reuniens nuclei were not contained within the blocks.
Labeling Protocol for Immunolabeled Cells
A minimum of 5 additional serial sections were labeled for either glial fibrillary acid protein (GFAP)-positive cells (reactive astrocytes), for CD68 antibody-positive cells (macrophages and microglia), for CR3/43 antibody-positive cells (B cells, macrophages, and activated microglia). Appropriate secondary antibodies were used for labeling of positive cells using a standardized avidin-Biotin chromogen (ABC elite kit, Vectastain, Vector Laboratories, Peterborough, UK). After coating with Supermount (A. Menarini Diagnostics Ltd., Wolverhampton, UK), coverslips were placed over the sections. Each stained batch of slides also contained a positive control in the form of a high-grade intrinsic brain tumour and a negative control from which the appropriate antibody was excluded.
Estimation of the Area of Thalamic Nuclei
A graticule was placed in the ocular lens of an optical microscope. Using a 5x objective lens this provided a point counting frame spaced at 0.5 mm or 500 Km and each nucleus was placed under the grid. The internal lamina was isolated and the relative positions of the above nuclei used to aid identification. Established cytological criteria were used to identify each nucleus (1, 2, 17, 20) . Standard stereological techniques were used to count the total number of points formed by intersections at the corners of squares of the graticule. Points were counted where the boundary of a nucleus crossed the inclusion lines of a counting frame (upper and right edges of the frame), whereas points were not counted if the boundary crossed the exclusion lines (left and bottom lines of the frame). Thus, the graticule was used for point counting to estimate the coronal cross-sectional area of each nucleus (21, 22) .
Design of Sampling Methodology
A detailed description of the sampling methodology has already been published (12) . In outline, only sections of 7 to 8 Km thickness were available for counting, and because neurons do not have a Poisson distribution within any region of the brain, it is technically more efficient to use a larger counting window than the standard 50 Â 50 Km recommended in stereology texts (12, 24) . A counting window with sides 250 Â 250 Km was used to provide a sample of 4 to 5 cells within each window. However, of necessity, the depth of the counting window differed with the size of the cell being counted (24 Y 27) because there was a significant difference in the somal diameter of neurons in different thalamic nuclei. The largest neurons occurred within the Pf, paraC, CL, and rostral part of the CeMros nuclei, and these were counted in the first and fourth serial sections (separation of counting planes more than 21 Km); the smallest neurons occurred within the Rh, and MD nuclei and were counted in the first and third sections (separation more than 14 Km). There was no difference in the size of the cell body of glial and immunocompetent cells between thalamic nuclei. Both unlabeled (Fig. 1A) and reactive astrocytes/GFAP-positive cells had a mean soma diameter through the nucleus in control (6.3 T 0.8 Km) and headinjured patients (6.3 T 1.2 Km). CD68-and CR3/43-positive cells were of comparable soma diameter in both control and head-injured patients. These cells formed 2 groups. First, relatively large cells with an irregular but smooth profile and diameter of 12.7 T 1.3 Km were identified as perivascular macrophages and tissue macrophages. Second, cells with a soma diameter of 4.86 T 1.6 Km. However, in sections labeled for CR3/43, the majority of these cells displayed many elongate, branched processes that lay in a single plane rather than forming a dense corona around the cell soma, as noted in reactive astrocytes. These cells were identified as activated microglia (Fig. 1F) .
In this type of analysis the coefficient of variance (CV) (i.e. the variation among a group) is the standard deviation/ mean. For accurate sampling that provides a reproducible result, the square of the quotient of coefficient of error (CE = SEM/mean) and CV [CE 2 /CV 2 ] is less than 0.5 (23) . Values in the present study for areas of thalamic nuclei in control patients for all nuclei ranged between 0.08 and 0.11. Thus, the precision or reproducibility of the estimate obtained with the sampling scheme used in this study was greater than that required for optimal sampling (25) . A precise estimate of the total cell number in a known volume of tissue (24, 25) was obtained using the equation N V = Q/V. Where N V is the numerical density, Q is the number of cells counted in each frame, and V is the volume of the counting frame. The total number of labeled cells within each counting box was counted, the mean value calculated and multiplied by the number of counting boxes present within each thalamic nucleus.
Statistical Analysis
The statistical significance of differences in areas of cross-section of nuclei in the thalamus of control, moderately FIGURE 1. Sections were labeled for GFAP (AY D), CD68 (E), and Cr3/43 (F, G). In control patients (A), the majority of astrocytes (arrows) are unlabeled but they may be distinguished by the relative size of the cell nuclei and the presence of a discrete nuclear margin that is formed by a subnucleolemma deposit of chromatin, which is resolved by TEM. For comparison a neuronal nucleus (N) is included. Small numbers of reactive astrocytes are labeled with GFAP in moderately disabled patients (B), where a discrete glia limitans (arrows) is seen at the edges of blood vessels. Labeled cell processes extend from the cell body (A) of some astrocytes whereas neuronal nuclei (N) are pale with a discrete nucleolus. In severely disabled patients part of the internal lamina ([C], left) is demarcated from the grey matter ([C], right) by the high number of labeled astrocyte processes. In vegetative patients a large number of GFAP labeled processes run through the internal lamina (D). In sections labeled for CD68, the majority of labeled cells are perivascular macrophages (E). In sections labeled with CR3/43 (F, G), numbers of activated microglia may be identified (arrows). These occur both in grey matter (F) and white matter of the internal lamina ([G], right) in severely disabled and vegetative patients. However, overall, in patients with a greater level of disability, activated microglia are more numerous in white matter ([G], compare right and left). Scale bar = 10 Km in all micrographs.
disabled, severely disabled, and vegetative head-injured patients was analyzed using ANOVA, within 95% confidence intervals (the Tukey-Kramer multiple comparisons test) and the Bonferroni t-test for differences between control and subgroups of head-injured patients. The statistical significance for differences in the mean transverse diameter of labeled cells and the number of these within counting boxes and within a complete coronal section at the level of the lateral geniculate body was calculated using the above tests. Significance was assumed when p G 0.05. The chi-squared test (W 2 ) and/or Fisher exact test was carried out to determine whether there was any correlation with either the age or sex of patients and any effect of the severity of outcome.
RESULTS

Influence of Sex, Age of Patients, and GOS
Females represented 7.7% of the total number (n = 3). Application of the W 2 test was inappropriate because the number of females was less than the minimum frequency threshold of at least 5. In the group of patients used in the present study, males were more likely to be exposed to head injury. When age groups were compared the value for p was 0.79 using the Fisher exact test and there was therefore no correlation with the ages of patients. The p value for changes in cell number between GOS groups was 0.013 (W 2 ) and there was therefore a correlation between cellular changes in number with the severity of outcome.
The Cross-Sectional Area of Each Nucleus: Control and Head-Injured Patients
There was a loss of cross-sectional area from control values in the majority of thalamic nuclei (Table 1) . However, that loss was not comparable in all nuclei and across all patient groups. Within subnuclei of the mediodorsal nucleus there was greater loss from the parvocellular subnucleus in both severely disabled and vegetative patients (q = 8.75 for severely disabled, q = 9.85 for vegetative; p G 0.001) than the magnocellular subnucleus (q = 5.63, p G 0.01 for severely disabled; q = 6.56, p G 0.001 for vegetative patients) ( Table 1 ). The loss did not reach statistical significance in moderately disabled patients. Loss occurred from ventral posterior nucleus only in vegetative patients and there was no loss from lateral posterior nucleus.
Results for the intralaminar nuclei are provided in functional groups (see above). For the lateral group, CL, paraC and CeMros (Table 1) , loss of total cross-sectional area occurred in CL in all 3 groups of injured patients from moderately disabled (q = 3.7, p G 0.5), through severely disabled (q = 4.8, p G 0.01) to vegetative (q = 5.3, p G 0.01). A significant loss occurred in CeMros in severely disabled (q = 5.6, p G 0.01) and vegetative patients (q = 8.3, p G 0.001), and in paraC in severely disabled (q = 4.1, p G 0.05) and vegetative patients (q = 5.8, p G 0.001).
Loss of nuclear cross-sectional area was less marked in the posterior group of intralaminar nuclei (i.e. the centre median and parafascicular nuclei). Loss occurred in both the centre median and parafascicular nuclei in severely disabled patients (q = 4.2, p G 0.05 and q = 7.6, p G 0.001, respectively) and in vegetative patients (q = 9.3, p G 0.001 and q = 9.8, p G 0.001, respectively.
Finally, loss was least notable in the 2 components of the ventral group of nuclei available in sections and occurred only in vegetative patients: the rhomboid Rh; q = 4.6, p G 0.05, and CeMcau q = 4.4, p G 0.05.
The Size of Neurons Within Each Nucleus
The mean diameter of the cell soma of neurons in control patients (n = 9) and the difference between nuclei (ANOVA, Tukey-Kramer Multiple Comparisons test) is provided in Table 2 . There is a highly significant difference in the mean size of neurons between nuclei across the whole experimental group (p G 0.0001, female = 10.56). The largest neurons occur in the Pf, the smallest in the Rh nuclei for the intralaminar nuclei specifically. This data is essential for optimal design of stereological techniques and will directly influence the depth of a counting box utilized for estimation of number of neurons within different nuclei. For example, neurons in Rh, the caudal part of the central medial, and in MD should be counted at a separation of counting planes of a minimum of 14 Km, whereas it is essential to count neurons in Pf and the rostral portion of central medial at a minimum separation of counting planes of 21 Km to prevent overestimation of their number (23, 24) .
Changes in Neuronal Diameter after TBI
After head injury and survival for more than 3 months, comparison of the mean somal diameter of neurons in which the nucleus contained a discrete nucleolus did not support the hypothesis that there is a change in the size of neurons in any of the nuclei examined. Thus, there was a very low incidence of darkened cells lying within a residual lacuna. Rather, cells were within the control size range with a discrete, pale central nucleus and the boundaries of the cell cytoplasm lay in close relation to the surrounding neuropil. Thus, morphological evidence for degeneration of neurons with survival was not obtained in any of the nuclei examined in the present study.
Changes in Total Number of Neurons in a 28-Km-Thick Coronal Section
Estimates for the density of neurons within different nuclei do not differ within an arbitrary measure of volume such as a cubic millimeter. However, when the estimate of cell number is integrated with the change in cross-sectional area of each nucleus then changes in total number of neurons differed both between nuclei and patient groups as assessed using the GOS (Table 3) . Thus, results in the present study paralleled those in an earlier study (12) .
The results in the present study may be summarized as follows. There is loss of neurons from both the magnocel- For the lateral group of intralaminar nuclei: CL, paraC and CeMros, there is loss in all 3 patient groups. There is also a gradient of increasing loss with increasing severity of disability (Table 3 ). The mean percentage change ($%) is loss of 13.60 T 0.16 % (SEM) neurons in moderately disabled, 20.95 T 0.94 % in severely disabled, and 29.0 T 3.6 % in vegetative patients. The Bonferroni t test for comparison with controls demonstrated that the loss of neurons was highly significant in the lateral group of nuclei overall in each patient group: moderately disabled: t = 26.8, p G 0.001; severely disabled: t = 41.3, p G 0.001; and vegetative: t = 57.1, p G 0.001.
For the posterior group of nuclei: CM and Pf. There was loss of neurons from CM only in vegetative patients (t = 2.9, p G 0.05). However, there was loss of neurons from Pf in both severely disabled (t = 6.79; p G 0.0001) and vegetative patients (t = 8.2; p G 0.0001). For the ventral group nuclei available for study, Rh and CeMcau, there was loss of neurons in severely disabled (Rh; t = 3.4, p G 0.01: CeMcau; t = 3.4, p G 0.01) and vegetative (Rh; t = 6.6, p G 0.001: CeMcau; t = 5.4, p G 0.001) patients after TBI.
Glia and Immunocompetent Cells: Sizes of Counted Cells
Reactive astrocytes, GFAP-positive cells (Fig. 1B) , had a mean soma diameter through the nucleus of 6.3 T 0.8 Km. There was no difference in the size of the cell body between control and head-injured patients (6.3 T 1.2 Km). 
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CD68-and CR3/43-positive cells were of comparable soma diameter in both control and head-injured patients. These cells formed 2 groups. First, were relatively large cells with an irregular but smooth profile and diameter of 12.7 T 1.3 Km. These cells were identified as perivascular macrophages ( Fig. 1E ) and tissue macrophages. Second, cells with a soma diameter of 4.86 T 1.6 Km in sections labeled for CR3/43, displayed many elongate, branching processes (Fig. 1F ). These cells were identified as activated microglia.
Estimates of the Number of Cells in White Matter
Clearly, the intralaminar nuclei occur among large numbers of myelinated nerve fibers that form the internal lamina of the thalamus and which separate the medial from the lateral and ventral thalamic nuclei. Examination of sections at low magnification to allow identification and distinction of each nucleus in immunolabeled sections demonstrated a marked difference in the number of immunopositive astrocytes and immunocompetent cells between the grey matter of the nuclei and the surrounding white matter of the internal lamina (Fig. 1B, C) .
The results in Table 4 may be summarized as follows. There is increased numbers of non-reactive and reactive astrocytes only in the VP thalamic nucleus as determined from Luxol fast blue stained sections. In those sections the cell nucleus has a characteristic rim of heterochromatin underlying the nuclear envelop and there are only a few small heterochromatin granules and the nucleolus within the karyoplasm ( Fig. 1A; Table 4 ) in both severely disabled (q = 4.93, p G 0.01) and vegetative patients (q = 6.05, p G 0.001). But, in MD and LP there is no change in the number of astrocytes (p = 0.93). During counting, evidence for mitotic figures was sought in both macroglia and microglia. No mitotic figures were found in any of the 30 patients included within this study. There is also no change in the number of astrocytes, as determined using nuclear morphological criteria, within any of the intralaminar nuclei examined. But there is an increase in the number of astrocytes within the white matter of the internal lamina in vegetative patients (t = 4.2, p G 0.01).
Using the routine immunocytochemical marker for reactive astrocytes, however, the result is different. In control patients, GFAP-positive cells formed only 5% of the total number of astrocytes, and, particularly those forming the glia limitans around larger blood vessels, were labeled (Fig. 1B) . Moreover, in head-injured patients, only a relatively small proportion of the total number of astrocytes was labeled with GFAP in moderately disabled (8%) and severely disabled (38.8%) patients. Only in vegetative patients did a large proportion (93%) of astrocytes label with antibodies to GFAP. There was also a differential response for changes in number Table 4) . Within the intralaminar nuclei only a very low proportion of the total number of astrocytes, less that 1%, label with GFAP in grey matter in control patients, while about 15% of astrocytes are labeled in the white matter of the internal lamina. There is a significant increase in the number of reactive astrocytes in all injured patients (Table 4) . But in moderately disabled patients the labeled cells still only represent a very small proportion of the total number, less than 3% (mean = 2.6 T 1.6%). The change probably achieves statistical significance (Bonferroni t test) because the number of labeled/reactive astrocytes in control patients is so small. Even in vegetative patients the proportion of astrocytes labeled with antibodies to GFAP represents about 13% percent of the total, but the variance for this value is very large (12.8 T 15.1). Three nuclei, CL, paraC and Pf, contain a high number of reactive astrocytes (Table 4) . When the values for these latter nuclei are excluded then the variance is greatly reduced (5.1 T 1.6). It is suggested that the high number of reactive astrocytes observed in the CL, paraC, and Pf nuclei reflects a different type of response in these compared to the remainder of the intralaminar nuclei. This is supported by evidence for a greater loss of neurons (see above) and proportionately greater numbers of CD68 and CR3/43 labeled cells in CL and paraC (Tables 3, 4 ). In addition, for reactive astrocytes, a different response occurs in the internal lamina where over 60% in severely disabled and 96% in vegetative patients of astrocytes are labeled (t = 5.0, p G 0.001). Further, the white matter contains very large numbers of linearly arranged, labeled astrocyte processes in both patient groups (Fig. 1C, D) .
Differential responses occur between CD68-positive cells (Fig. 1E ) and CR3/43-labeled cells (Fig. 1F) between patient groups. Furthermore, differences occur between the grey matter of the nuclei and the white matter of the internal lamina. In sections labeled with CR3/43, in addition to perivascular macrophages and macrophages, there occur small cells with numerous, finely branched processes extending into the neuropil (Fig. 1F) . These are identified as activated microglia. Numerous CR3/43-positive, activated microglia occur in MD (p G 0.0001; t = 13.5: VP (p G 0.0001; t = 13.2) and LP (p G 0.0001; t = 10.7) nuclei in all groups of blunt head-injured patients when compared with controls (Table 4) . Importantly, there is no change in the number of activated microglia in MD and VP with increasing severity of patient disability/injury (p = 0.28) (Table 4 ). But, despite there being no difference in LP between moderately and severely disabled patients, there was a difference in vegetative patients (p G 0.001, q = 6.3). With regard to the intralaminar nuclei, analysis of the data for comparison of all groups of nuclei shows a significant increase in CR3/43-positive, activated microglia in most nuclei in moderately disabled patients (Table 4) , and all nuclei in vegetative patients (Table 4) . Further, the 2 greatest increases within nuclei occur in CL in moderately disabled (t = 6.4, p G 0.001), severely disabled (t = 7.4, p G 0.001), and vegetative (t = 9.2, p G 0.001) and MDmc in moderately disabled (t = 6.0, p G 0.001) and vegetative patients (t = 10.4, p G 0.001) (Table 4) . However, numerically, the largest increase of CR3/43-labeled cells occurs in the white matter of the internal lamina (Table 4 ; Fig. 1G ) not the grey matter.
Similar results occur for CD68 labeled cells (Table 4 ; Fig. 1B ). There was no difference in the number of CD68-labeled cells between control, moderately disabled, or severely disabled patients in DM, LP, or VP. In vegetative patients, on the contrary, macrophages increased in number in DM (q = 14.37, p G 0.001) and VP (q = 6.83, p G 0.001) but not in LP (q =1.17). With regard to the intralaminar nuclei, it is notable that an increased number of labeled macrophages occurs at less severe levels of injury in moderately disabled first in the CL (t = 3.4, p G 0.01) and paraC (t = 6.4, p G 0.001) nuclei. However, rather than being distributed throughout the neuropil, the labeled cells occur mainly in close relation to the walls of blood vessels (Fig. 1E) . However, the largest number of CD68-labeled cells still occurs in white rather than grey matter (Table 4) .
DISCUSSION
The present study provides novel evidence for loss of neurons from and activation/accumulation of immunocompetent cells within human thalamic nuclei after TBI. Loss of neurons occurs from MD parvocellularis, and rostral center medial, central lateral and paracentral nuclei in moderately disabled patients. In severely disabled patients there is more widespread loss to include the MD magnocellularis, caudal center medial, rhomboid, and parafascicular nuclei. Loss occurs from the centre median nucleus only in vegetative patients. Neuronal loss occurred from cognitive and executive functional groups of thalamic nuclei at a lesser severity of injury in patients assessed using the GOS (8) .
There are some methodological problems related to the material used in this study. The majority of brains were collected between 1991 and 1999. And within each year at least one example within each of at least 3 experimental groups was obtained. As a result, variation between specimens that might be induced via tissue processing was minimized. However, when brains were collected, only a limited number of tissue blocks were taken for diagnostic purposes and therefore only a fraction of the various nuclei was processed for paraffin embedding (18) . The remainder of the specimens was disposed of retrospectively. Thus, material that would allow study of the whole thalamus is not available and it has not been possible to study, for example, the densocellular subnucleus of the mediodorsal thalamus, the paraventricular, parataenial, intermediodorsal nuclei, and medioventral/reuniens intralaminar nuclei. For the smaller nuclei encountered within sections a major factor is whether a representative sample was obtained. However, the results presented are in terms of the total number of a type of cell in the volume of a random slice of known thickness of any one nucleus. No attempt has been made to estimate the total number of any cell type in the complete volume of any nucleus. It would clearly be far preferable to obtain a complete series of sections through each nucleus, but such an approach is not possible with the limited material available.
The results in the present study differ from those in patients with other neurodegenerative diseases (1 Y 4, 28, 29) in that loss of neurons occurs from MD and the lateral group (CL, CeMros, and paraC) of the intralaminar nuclei. Neuronal loss occurs from the posterior group of intralaminar nuclei in Parkinsonian disorders (1, 2) , the dorsal thalamus in Alzheimer disease (3) , and the dorsomedial nucleus in schizophrenia (4) . The results after TBI thus differ from the selective loss from the caudal intralaminar (Pf and CM) nuclei though underlie many of the motor deficits of Parkinson disease (1 Y 4).
There is wide acceptance that cognitive dysfunction occurs over months and years after TBI and outcomes differ between children and adults (5, 9, 10). But direct evidence for neuronal loss is lacking since patients included within psychological analyses must be alive. Despite the fact that the present study is limited only to patients that died and therefore may or may not be representative of the affected cases, it provides novel evidence for a selective loss of neurons from subnuclei of the mediodorsal nucleus (MDmc 31.2%; MDpc 36.6%), after TBI compared to a lesser loss from the VP (j17.9%) and LP (j10.9%) nuclei. In addition, novel quantitative evidence shows that the proportion of neurons lost differs with the severity of injury and outcome as assessed by the GCS and GOS. There is loss of 14.6% of neurons from MDpc in moderately disabled, 19.6% in severely disabled, and 36.6% in vegetative patients. The changes in number of neurons after TBI also provide support, for the first time, for the hypothesis that changes in behavior and the degree of activation of patients assessed by the GOS have a structural basis. For less severe levels of injury the majority of patients survive and, in the present study, moderately disabled patients survived trauma between 3 and 22 years. In those patients, loss of neurons occurred only from DMpc and the lateral group (CL, CeMros, and paraC) of the intralaminar nuclei.
There is presently a consensus that MDpc and MDdc neurons project to the dorsal and lateral prefrontal cortex, which are associated with cognitive and executive functions that are, for example, dysfunctional in schizophrenia (27, 28) . Input to CL, CeMros, and paraC nuclei is from the reticular formation, tectal and other mid-brain components as well as parts of the cerebral cortex (11) and fibers project to the dorsal anterior cingulate, adjacent secondary motor, and posterior cingulate cortices. Loss of neurons from MDpc, MDdc, CL, paraC, and CeMros nuclei in all TBI patient groups examined in the present study is suggestive of posttraumatic cortical dysfunction. Moreover, the present study provides novel, quantitative evidence for a graded loss of neurons (Table 3) where some loss occurs in moderately disabled patients and a greater loss in severely disabled and vegetative patients. Loss of cortical input following loss of thalamic neurons may provide a structural basis for loss of neurons from parts of the cortex. Preliminary data in an ongoing study in our laboratory indicates a significant reduction in the total thickness of the anterior cingulate, medioventral, and lateral dorsal prefrontal cortices (t = 2.4, p = 0.025) in severely disabled and vegetative groups.
In addition, in severely disabled and vegetative patients loss of neurons occurs, also, from the ventral intralaminar group, the Rh and CeMcau nuclei that are associated with multimodality sensory processing (11) . In an earlier study we reported loss of neurons from the ventral posterior thalamic nucleus (VPN) in severely disabled and vegetative patients (12) . VPN is the major terminal site for afferent, dorsal column, spinothalamic and trigeminal sensory fibers. But, perhaps most importantly for the present study, Rh and CeMcau also interconnect with the ventral thalamic nuclei (29) . And, unlike the other intralaminar nuclei, Rh and CeMcau projections are not confined to limbic areas and association cortex but supply primary and secondary motor, gustatory, visceral, and somatosensory cortices (11) . It is suggested that the evidence for loss of neurons from Rh and CeMcau in the present study reflects transneuronal loss of neurons (12Y14) from ventral thalamic nuclei and in particular from VPN.
In more severely disabled and vegetative patients, neuronal loss was also found in the posterior intralaminar nuclei, Pf, and CM. Loss occurred from Pf in severely disabled and vegetative patients. But loss from CM only occurred in vegetative patients. In primates, CM neurons project to motor and premotor cortex, while Pf neurons innervate chiefly prefrontal cortex (30) . Preliminary results in an ongoing study in our laboratory do support the hypothesis that there is motor cortex pathology after TBI since there is loss of cortical thickness between controls and severely disabled/vegetative groups.
Quantitative evidence for an increased number of reactive astrocytes, CD68-positive macrophages and CR3/ 43 labeled activated microglia in CL, paraC, CeMros, and Pf nuclei is provided in the present study. However, there was no change in the total number of astrocytes and the majority of astrocytes were not labeled for GFAP except in vegetative patients (Table 4) . Widespread use of this antibody as a marker for all astrocytes may be, as has been suggested, misleading (31) . Indeed, use of stereology indicates that astrocyte numbers are either unchanged or are reduced both after trauma and in schizophrenia (32, 33) .
A notable feature in the present study is the demarcation between the grey and white matter of the thalamus. Indeed, labeling for GFAP and CR3/43 in the internal lamina greatly facilitated identification of the intralaminar nuclei since the level of labeling within nuclei was much lower than in the adjacent white matter. Within the nuclei the numbers of labeled cells did increase, but only by 2 or 3 times (Table 4) , whereas the number in a similar volume of white matter increased by a factor of between 5 and 6 (Table 4) . Also, the majority of CD68-labeled cells occurred at the periphery of the wall of blood vessels in grey matter but were widely scattered among nerve fibers in white matter. In humans, resting microglia become amoeboid activated microglia (34) in a variety of neurological diseases and, specifically in trauma, microglia are thought to be instrumental in secondary degeneration (35) . The high numbers of macrophages and activated microglia in the thalamic white matter of patients surviving at least 6 months after TBI is suggestive of degeneration or loss. However, quantitative data for such loss is presently lacking after human TBI, although white matter loss has been strongly suggested in other regions of the human brain (13, 36) . The present study confirms and extends findings in the brainstem by providing evidence for increased numbers of reactive astrocytes, macrophages, and microglia (36) . That, in turn, is suggestive of an ongoing loss of white matter within the thalamus over a post-traumatic interval.
